The three iodothyronine selenodeiodinases catalyze the initiation and termination of thyroid hormone effects in vertebrates. Structural analyses of these proteins has been frustrated by their integral membrane nature and the inefficient, eukaryotic-specific pathway for selenoprotein synthesis. Hydrophobic cluster analysis (HCA) used in combination with PSI-BLAST reveals that their extramembrane portion belongs to the thioredoxin (TRX) fold superfamily for which experimental structure information exists.
Introduction
The main secretory product of the thyroid gland is a pro-hormone, thyroxine (T4) which must be monodeiodinated to 3,3',5-triiodothyronine (T3) by removal of an outer ring iodine to permit its binding to nuclear T3 receptors. These ligand-dependent transcription factors regulate genes critical for normal growth, central nervous system development, and energy homeostasis in all vertebrates (1) . The specific monodeiodination of T4 in the outer ring is catalyzed by the types 1 or 2 iodothyronine selenodeiodinases (D1 or D2). Termination or prevention of thyroid hormone action is controlled by the inner ring deiodination of T3 or T4, respectively, catalyzed by a third deiodinase, D3. Thus, specific iodothyronine monodeiodinations are critical steps in both the activation and inactivation of thyroid hormones (2) . The complex regulation of the activities of these selenocysteine (Sec)-containing enzymes permits modulation of T3 concentrations in specific cells controlling processes diverse as metamorphosis and adaptive thermogenesis. In adult vertebrates, the role of the deiodinases is primarily homeostatic, adjusting T3 production in response to environmental stresses such as iodine deficiency, starvation or thermal challenges. In addition, the rapid conversion of T4 to T3 by D2 in the central nervous system and pituitary permits accurate monitoring of circulating T4, allowing the feed back regulation of thyroid stimulating hormone secretion based in part upon circulating pro-hormone (T4) concentrations (2) .
While there are important differences between the three deiodinases with respect to their catalytic functions, they have notable similarities. All are integral membrane proteins of 29-33 kDa, and have regions of high similarity in the area surrounding the active center Sec, the critical residue that confers deiodinases with high catalytic activity (3) (4) (5) . While there is some structure-function information available, particularly for D1, our understanding of the catalytic mechanisms and three-dimensional (3D) conformation of these proteins is limited due to the inability to synthesize large quantities of soluble, catalytically active proteins for crystallization purposes. This is a result both of the apparent importance of the transmembrane (TM) domain as well as the major differences in the pathways for selenoprotein synthesis between prokaryotic and eukaryotic organisms (2, 6) .
Methods

Strategy:
Overlap extension PCR or restriction digestion were used to create single or multiple mutations in the deiodinase structures to test the reliability of our predicted 3D model of the active center (Fig. 4) . The choice of amino acids was made based on the chemical conservation of several positions within the whole deiodinase family with respect to the conserved features of the TRX and GH templates. The mutations were made on wild type deiodinase sequences fused to a FLAG peptide in the Nterminus, previously shown not to interfere with catalysis (7) . These constructs and the corresponding wild type versions of each deiodinase were transiently expressed in human embryonic kidney epithelial cells (HEK-293) and assayed for activity. Immunoprecipitation with anti-FLAG antibody allowed us to quantify 35 S-metabolically labeled deiodinases.
Constructs:
The constructs CC31, BG121 and CC33 were previously described (7) . CC31 is an NH2-terminus FLAG-tagged wild type human D1 (FLAG-wtD1); BG121 is a COOH-terminus FLAG-tagged wild type human D2 (FLAG-wtD2) and CC33 is an NH2-terminus FLAG-tagged wild type human D3 (FLAG-wtD3).
BG159 is a human D1 in which Pro replaced Ser 128 (Ser128Pro D1). Using overlap extension PCR, the fragments obtained with the oligos: Bp169-Bp171 (Bp169 sense: GGAATTCAT-TATGGGGCTGCCCCAGCCAGGGCT and Bp171 antisense: TTGAACATAAATGGAGGTCAGGTACA) and Bp169/C53 (Bp170 sense: TGTACCTGACCTCCATTTATGTTCAA and C53 antisense (7)) and hD1 template (8) were used as template for another PCR using only Bp169-C53. The resulting fragment was cut by EcoRI/HindIII and cloned into EcoRI/HindIII sites of a D10 vector containing a minimal SECIS element.
CC29 is an NH2-terminus FLAG-tagged human D1 in which an Ala replaced the Glu156 (Glu156Ala D1). Using overlap extension PCR, the fragments obtained with the oligos: C52/C44 (C52 sense (7) and C44 antisense: AGCCATCTGATGCATGTGCT GCTTCAATGTAAATGACAAGAAAATCT) and C43/C53 (C43 sense: AGATTTTCTTGTCATTTACATTGAAGCAGCACATGCATCAGATGGCT and C53 antisense(7)) and CC31 as template were used as a template for another PCR reaction using only the outer oligos C52/C53 and the resulting fragment was subcloned in EcoRI/HindIII sites of CC31.
CC35 is an NH2-terminus FLAG-tagged human D1 in which an Asp replaced Glu (Glu156Asp D1). Using overlap extension PCR, the fragments obtained with the oligos: C52/C56 (C56 antisense: AGCCATCTGATGCATGTGCGTCTTCAATGTAAATGACAAGAAAATCT) and C54/C53 (C54 sense: AGATTTTCTTGTCATTTACATTGAAGACGCACATGCATCAGATGGCT) and CC31 as template were used as a template for another PCR reaction using only the outer oligos C52/C53. The resulting fragment was subcloned in EcoRI/HindIII sites of CC31.
CC36 is an NH2-terminus FLAG-tagged human D1 in which an Ala replaced Trp 163 (Trp163 Ala D1).
Using overlap extension PCR, the fragments obtained with the oligos: C52/C5 (C63 antisense: GTTCTTAAAAGCCGCGCCATCTGATGC) and C62/C53 (C62 sense: GCATCAGATGGCGCGGCTTTTAA-GAAC) and CC31 as template were used as a template for another PCR reaction using only the outer oligos C52/C53. The resulting fragment was subcloned in EcoRI/HindIII sites of CC31.
CC35 is an NH2-terminus FLAG-tagged human D1 in which an Ala replaced Glu (Glu214Ala D1). Using overlap extension PCR, the fragments obtained with the oligos: C52/C58 (C58 antisense: TACGCAG-CACTGCCTGCGAGGCTCTACATA) and C59/C53 (C59 sense: TATGTAGAGCCTCGCAGG-CAGTGCTGCGTA) and CC31 as template were used as a template for another PCR reaction using only the outer oligos C52/C53. The resulting fragment was subcloned in EcoRI/HindIII sites of CC31.
In the Phe128Ala D2 protein an Ala replaces Phe128. Using overlap extension PCR, the fragments obtained with the oligos Bp97/A2 (A2 antisense: AGTGGCTGAGCCAGCGTTGACCACTAG) and A1/A8 (A1sense: GATCACCAGTTGCGACCGAGTCGGTGA; A8 antisense: TAAACCAGCTAATC-TAGTTTTCTTTCATCTCTT) and hD2Selp (9) as template for another PCR reaction using only the outer oligos Bp97/A8. The resulting fragment was subcloned in EcoRI/PstI sites of hD2Selp.
In the Pro134Ala D2 protein an Ala replaces Pro134. Using overlap extension PCR, the fragments obtained with the oligos Bp97/A4 (A4 antisense: CTGGCTCGTGAAAGGAGCTCAAGTGGCTGAGCC) and A3/A8 (A3sense: GGCTCAGCCACTTGAGCTCCTTTCACGAGCCAG) and hD2Selp (9) as template for another PCR reaction using only the outer oligos Bp97/A8. The resulting fragment was subcloned in EcoRI/PstI sites of hD2Selp. tion using only the outer oligos Bp97/Bp85 and the resulting fragment was subcloned in EcoRI/ApaI sites of Bg121.
BG158 is a human D3 in which a Ser replaced the Pro 146 (Pro146Ser D3). Using overlap extension PCR, the fragments obtained with the oligos: Bp78-Bp168 (Bp78 sense (7) and Bp168 antisense:
GCGCCATGAACGATGGTCAGGTGCAGCT) and Bp167/162 (Bp167 sense: TGCACCTGAC-CATCGTTCATGGCGCGCA and Bp162 antisense: CCCAAGCTTG GGTTACACCC TCCGGGGCCG AGCGCCGT) and hD3 CDM8 template (10) were used as template for another PCR using only Bp78-162. The resulting fragment was cut by EcoRI/HindIII and cloned into EcoRI/HindIII sites of a D10 vector containing a minimal SECIS element.
CC30 is an NH2-terminus FLAG-tagged human D3 in which Ala replaced Glu 174 (Glu174Ala D3). Using overlap extension PCR, the fragments obtained with the oligos: C50/C48 (C50 sense: (7) and C48 antisense: TCGGAGGGGTGCGCTGCCTCGATGTAGATGATGAG) and C47/C51 (C47 sense:
CTCATCATCTACATCGAGGCAGCGCACCCC TCCGA and C51 antisense (7)) and CC32 as template were used as a template for another PCR reaction using only the outer oligos C50/C51 and the resulting fragment was subcloned in EcoRI/HindIII sites of CC32.
Deiodinase assays: D1, D2 and D3 were assayed as described previously (7, 11) under specific conditions as indicated in the text. Metabolic labeling with 35 S or 75 Se followed by imunoprecipitation in sonicates of cells transiently expressing deiodinases was done as described in (12) .
Results and Discussion
THE SELENODEIODINASES CONTAIN A TRX FOLD
To gain further insights into the structures of these proteins we used HCA (13, 14) , a sensitive method based among others on the fundamental principles of protein fold and on a two-dimensional transposition of sequences (e.g. (15, 16) for examples on enzyme families), allowing the resolution of a sequence into its regular secondary structures, centered on the so-defined hydrophobic clusters. The three deiodinase proteins (D1, D2 and D3) show considerable similarity (~ 50 % sequence identity; Fig. 1 ). Their general structure indicates a single TM segment, which is present in the N-termini of D1, D2 and D3 (shaded light yellow on Fig. 1) , whereas several clusters, typical of α-helices or β-strands, are found well conserved, suggesting that they could correspond to core secondary structures of the deiodinase globular domains. Loops of variable lengths can be identified between conserved clusters. The first large one (designated H on Fig. 1 ) probably corresponds to a hinge separating the predicted TM segment from the globular domain.
We used deiodinase sequences as queries in PSI-BLAST searches ( (17); default values, nonredundant (NR, 1,027,609 sequences) and Swiss-Prot (SW, 100,395 sequences) databases at NCBI).
Just below the significance threshold value (expected E-value > 10 -3 ), we observed similarities with various members of the TRX or TRX-like families. The first hit of a search against the NR database using the D1 sequence as query was the thiol:disulfide interchange protein from Deinococcus radiodurans (DR0345; E-value of 0.95; 27 % identity over the 84 amino acids 86 to 169 of D1) whereas the first hit of a similar search against the Swiss-Prot database with the D2 sequence was the TRX-H-type 2 (TRX-H2) and TRX-H-type 4 (TRX-H4) from Arabidopsis thaliana and Brassica napus, respectively (E-value of 0.36 and 0.38, respectively; 37 % over the 40 amino acids 124 to 163 of D2). These similarities are centered on the deiodinase Sec-containing active center (X, shaded orange on Fig. 1 ), which is aligned with the first of the active-site Cys of TRXs. In the TRX fold family, not all the members have a redoxactive disulfide. Instead, the glutathione peroxidase (GPX) indeed has a Sec that interacts with glutathione substrate, which can be aligned with the accessible Cys of the redox protein (the first Cys of the couple) (18) (Fig. 1) . Within the TRX fold family, the deiodinase can thus also be compared with GPX, both having a Sec that can be aligned with the first active Cys of the TRX redox couple. Both are also characterized by a ping-pong reaction mechanism with a specific first substrate (R-OH or iodothyronine) and a thiol second substrate.
The observed similarities with TRX and TRX-like proteins were further strengthened at 2D level using HCA, as they are associated with a predicted conservation of structural features (Fig. 1) . In both families of proteins, the "active" Cys or Sec is located in a loop separating a β-strand and an α-helix, corresponding to the β1/α1 structures of the TRX fold (red and orange on Fig. 1 ). The β strand C-terminal to the α-helix (strand β2 of the TRX fold, yellow on Fig. 1 ) is also well conserved, clearly indicating that the deiodinase region encompassing amino acids 115 to 156 (D1 numbering) corresponds to the βαβ motif of the TRX fold (boxed on Fig. 1 ). This hypothesis was further assessed by threading procedures, which significantly detected proteins of the GPX-like family within the SCOP (19) TRX-like fold superfamily (the structures of the thiol:disulfide interchange proteins CcmG/DsbE (PDB identifier 1kng) and TlpA (1jfu) and of tryparedoxin-i (1qk8) were scored by 3D-PSMM (20) No similarity could however be found by PSI-BLAST with TRX fold proteins downstream of the βαβ motif, suggesting that the C-terminal part of deiodinases is different from that of the TRX fold, or that extra elements, which do not belong to the canonical TRX fold, locally interrupt the relationship that could be established with it. The latter hypothesis is supported by the fact that a ββα motif (β3−β4−α3 in Fig. 1 ) is predicted at the end of the deiodinase sequences, that might thus correspond to the ββα motif of the C-terminal part of the TRX fold. The intervening sequences, included between amino acids 156 and 210 of deiodinase (D1 numbering), might thus correspond to distinct secondary structure elements added to the canonical TRX fold core as observed in DsbA or in the GPX-like family, all of which are members of the TRX fold that have inserted residues forming separate domains or winding around the TRX fold (18) . This hypothesis was further supported by the threading results, in which significant alignments of the C-terminal ββα motifs were obtained with the C-terminal sequences of deiodinases. This structural correspondence is clearly documented by the similarities observed between the deiodinase sequences and proteins of the GPX-like family (Fig. 1) .
From the PSI-BLAST and threading results, we observed that the similarities between deiodinases and proteins of the GPX-like family (19) , to which the structurally characterized CcmG (22) and TlpA (23) belong, are not limited to the TRX βαβ and ββα motifs. These similarities are well supported and refined using HCA at the 2D level and interestingly, the strictly or highly conserved amino acids are located on positions that are also conserved in the whole family of thiol:disulfide interchange proteins ( Fig. 1) , that can therefore serve as reliable anchor points for the alignment. One can, for example, note the strict conservation of an Ala-Pro motif (residues 92-93 in D1), preceding a cluster typical of a β−strand (βC), which is associated in CcmG and TlpA with an extended structure (strand βB on Fig.1 and 2). Thus, deiodinases are predicted to have an N-terminal sequence similar to the N-terminal insert of CcmG and TlpA, with three β-strands (βB, βC and βD), two of which contribute to the β-sheet on the strand β2 side (Fig. 2) . The large insertion found in the D2 sequence (18 amino acids within brackets on Fig. 1 ) lies exposed, in the loop linking strand βC and βD (∆D2 in Fig. 2 ) in a similar place as the additional β-hairpin of CcmG (22) and is likely located close to the active site. The two structures of CcmG and TlpA differ by the presence of an additional helix in the very N-terminus of TlpA, which does not exist in CcmG (αA in Fig. 1 and 2 ). In deiodinases, the presence of a large hydrophobic cluster, predicted as a α-helix, followed by a predicted short β-strand, just after the TM segment suggests that counterparts of the αA and βA structures could also be present. Although no clear amino acid similarities could be found for these structures between deiodinases and TlpA, such a hypothesis is supported at the 2D level by the HCA and 3D-PSSM results.
SELENODEIODINASES AND IDURONIDASES SHARE COMMON STRUCTURAL FEATURES WITHIN THEIR RESPECTIVE CATALYTIC REGIONS
Thiol:disulfide interchange proteins have a second insertion between the two TRX βαβ and ββα motifs, relative to the TRX canonical fold. This insertion provides an additional α-helix (αB, white in Fig. 2 ) lining the active site and also contributes to the β-sheet, by adding one additional β-strand (strand βE, pink on Fig. 2 ). As deiodinases also have an insertion at the same place and as the presence of strands βC and βD in deiodinase should involve that of strand βE to form a continuous β-sheet, we hypothesize that the deiodinase insertion could also be similar to those found in the CcmG and TlpA structures. A putative alignment of strand βE (pink) was found with the VVVDT cluster, strongly predicted as a β-strand (amino acids 196 to 200 in D1), which is encircled by two clusters typical of helical structures, aligned with the helices αB and α2 of the CcmG and TlpA structures (Fig. 1) .
Altogether, the alignment shown in Fig. 1 between D1, D2, D3 and the three GPX-like proteins Dr0345, TlpA and CcmG is quantitatively assessed by statistical data (see legend of Fig. 1 ). With regards to this alignment, the region between amino acids 157 to 181 (D1 numbering) may thus correspond to a deiodinase-specific insertion relative to the CcmG and TlpA structures. This specific sequence may be crucial for the deiodinase function, as it is positioned, at least partially, near the active site centered around the essential Sec residue (Fig. 2) . This highly conserved, deiodinase-specific segment between amino acids 152 and 166 (D1 numbering) shares striking similarities with α-L-iduronidase (IDUA; 47 % identity with D1 and D3, 60% with D2), as revealed by PSI-BLAST searches (IDUA on Fig. 1 ). Although marginal due to its small length (E-value of 53 with iduronidase from Canis familiaris when searching the Swiss-Prot database with the D2 sequence as query), this similarity was further supported by HCA analysis, significantly extended along a full βαβαβ segment of nearly a hundred amino acids, corresponding to the TRX fold β1-α1-β2-αB-βE motif and assessed by a clear structural relationship between the GPX-TTR fold and this enzyme family (Fig. 3) . Lysosomal α-L-iduronidase, which cleaves α-linked iduronic acid residues from the nonreducing end of the glycosaminoglycans, heparan sulfate and dermatan sulfate, belongs to family 39 of glycoside hydrolases (GH) (24) . This family is included in the larger clan GH-A, whose different members share the same sugar retaining mechanism (retention of configuration of the anomeric carbon of the substrate) and the same structure (a (β/α) 8 barrel, in which the acid/base and the nucleophilic residues are located at the C-terminal end of strands β4 and β7, respectively) (15, 25) . These similarities led us to align strand β2 of the predicted TRX βαβ motif of deiodinase with strand β7 of the GH, with the strict conservation of the Glu, which in iduronidase (Glu299) acts as the nucleophilic residue ((26); shaded red in Figs. 1-3) . In both the TRX and GH folds, this Glu is positioned at the end of a β-strand, included in a parallel mode in a β-sheet architecture (Fig. 3) .
Thus, regarding the functional properties of this acidic amino acid in GH and the compatible supersecondary structure between deiodinases, TRX and GH in this region (the βαβ motif, corresponding to β1α1β2 and β6α6β7 in TRX and iduronidase, respectively), it is possible that this Glu in deiodinase (Glu156, Glu163 and Glu 174 in D1, D2 and D3, respectively) plays a key role. The position of Glu156, predicted as critical, is located in the βαβ motif of the deiodinase model constructed on the basis of the TlpA structure (Fig. 2) , clearly establishing the proximity of this amino acid to the predicted position of the Sec. This position also often corresponds to an acidic residue in TRX-fold proteins (Fig. 1) . It is worth noting that the local similarity observed between deiodinases and iduronidase, highlighted here, is all the more striking as a great sequence divergence is generally observed in the GH group, which can be aligned only with difficulty outside the core segments. The level of similarities between deiodinases and iduronidase is thus comparable to (or even better than) the mean level of similarities generally observed between different GH proteins. Indeed, on the same 59 aligned positions as reported above, iduronidase and xylosidase (IDUA and XYNB in Fig. 3 , both belonging to clan GH-A family 39) share only 15 % sequence identity (Z-score of 3.1 σ). Putatively, this local structural mimicry between deiodinases and iduronidase may rely partly on the overall similarity of their substrates, T4 (or T3) and sulfated α-L-iduronic acid, respectively, both based on O-linked hexagonal rings substituted by bulky groups ortho to the linker. These are not present to the same extent in xylan, the substrate of the more sequence-distant xylosidase (Fig. 3C) . The substrate specificity could thus be determined in part by the IDUA-like IOD active site insertion, lying between strand β2 (β7 in GH proteins) and helix αB (α7), which is likely to act as a cap covering the active site.
These data are reminiscent of haloalkane dehalogenases, which belong to the family 6 of α-β hydrolases, and in which a helical cap following a β-α-β motif, with active site residues at the end of β strands, covers the ligand binding site (27) . The IDUA-like insertion common to deiodinases and iduronidase is likely to play a similar role to that performed by these caps, built on two successive α-hairpins based on the uteroglobin fold, a chlorinated biphenyl-binding protein (28) . However, the IDUAlike insertion is predicted to consist of only one hairpin and thus should roughly correspond to one half of an uteroglobin-like cap.
SITE-DIRECTED MUTAGENESIS CONFIRMS THE PREDICTED DEIODINASE MODEL AND PROVIDES INSIGHTS INTO THE CATALYTIC MECHANISMS FOR D1 AND D2
The predicted structure of the three deiodinases, a single TM domain connected to a globular domain containing the catalytic center, is compatible with the predicted D1, D2 and D3 topology using protease protection assays, selective biotinylation and immunofluorescence cytochemistry (12, 29, 30) . The similarities of the structures of the three deiodinases would make it likely that variations of specific amino acids are responsible for the functional contrasts between D1, D2 and D3.
The model predicts that the active center of the three deiodinases is a Sec-containing pocket defined by the β1-α1-β2 motifs of the TRX-fold and the IDUA-like insertion (Fig. 4 ). If this model is accurate we would expect significant perturbations in enzyme function if critical amino acids in the binding pocket are changed, providing insights into the differences between iodothyronine deiodination catalyzed by D1, D2 and D3. D1 has a relatively low affinity for T4 (Km = 1-2 µM) and its catalytic activity is bisubstrate in nature with a thiol-containing cofactor serving as the second substrate with "ping-pong" kinetics, similar to GPX as mentioned earlier (31). D2 and D3, on the other hand, have relatively high affinity for T4/T3 (Km = 1-4 nM), and both exhibit sequential reaction kinetics, suggesting that the iodothyronine and the thiol-containing cofactor interact with the enzyme simultaneously before the reaction takes place (31). Interestingly, D1, D2 and D3 differ in their sensitivity to 6n-propyl-2-thiouracil (PTU).
D1 is quite sensitive (Ki = 5 µM) but D2 and D3 are not (Ki >1 mM). It is assumed that PTU inhibits D1 by competing with the endogenous thiol-containing cofactor for a putative selenenyl iodide (E-Se-I) intermediate (31). Supporting this interpretation is the fact that PTU inhibition is uncompetitive with the first D1 substrate (iodothyronine), but competitive with the second, e.g. dithiothreitol (DTT) (31). Because of the PTU-insensitivity, it has been proposed that during D2 or D3-catalyzed deiodination, the leaving iodonium (I + ) is abstracted by the endogenous cofactor, resulting in a enzyme-thyronine intermediate D2-T3 (or 3,3',5'-triiodothyronine, rT3) complex and a cofactor-S-I (32).
In order to test the model, our initial approach was to identify the critical residues in the putative active pocket that mediate the unique kinetic properties of each deiodinase by modifying the residues in the Thr-Sec-Pro-Pro/Ser-Phe in the transition between β1-α1 (Figs. 1 and 4) . It is notable that this sequence is identical in D1, D2 and D3, only that in all D1 sequences, excepting the PTU-insensitive D1 of the blue tilapia (Oreochromis aureus), the uncharged polar side chain Ser residue substitutes for the nonpolar side chain Pro at position 128 (33) . We have focused our initial studies on D1 and D2 because there are more functional data available and these two enzymes catalyze T4 to T3 conversion.
Consistent with the expectations of the model, Ala replacement of the invariant Phe136 inactivated D2,
suggesting the occurrence of critical π:π interactions between enzyme and substrate at this position.
We next addressed the significance of the residues at position 128/135/146 in the three deiodinases by creating the Ser128Pro D1, Pro135Ser D2 and Pro146Ser D3 proteins (Table 1) . Remarkably, replacement of the Pro135 in D2 resulted in a two-orders of magnitude increase in Km(T4) to ~250 nM, just ~10-fold lower than that of D1 for T4 (Table 1) . Double-reciprocal plots of product formation with T4 as the variable substrate at several DTT concentrations (0.5-8 mM) yielded patterns of parallel lines, indicating ping-pong kinetics (Fig. 5A) . Furthermore, the D2-catalyzed deiodination became PTU sensitive (Ki = 4.0 µM), although PTU inhibition was noncompetitive with DTT (Fig. 5B) . Thus, the substitution of Ser for Pro135 in D2 results in changes in the enzyme that make its kinetics more similar to those of D1, indicating a critical influence of the amino acid occupying this position on enzyme function.
Similar observations were made with the Pro146Ser D3 protein (Table 1) , which displays a 5-fold higher Km(T3) and is highly sensitive to inhibition by PTU (Ki = 1.0 µM).
Although the Km(rT3) (~0.2 µM) (preferred over T4 as a D1 substrate) and the ping-pong kinetics are not altered in the Ser128Pro D1 protein (Fig. 5C) The region of the deiodinase pocket defined by the β2 motif of the TRX fold and the IDUA-like insertion was also explored (Fig. 4) . Three conserved amino acids with charged polar side chains mark the transition between β2 and the helix in the IDUA-like insertion, Glu/Asp155, Glu156 and His158 (D1 residues; see Fig. 4B for deiodinase-specific numbering). We first targeted the invariant Glu156 (D1), Glu163 (D2) and Glu 174 (D3), replacing it with Ala. The resulting enzymes have no deiodinase activity ( Table 1) . Replacement of Glu156 with Asp in D1 supported deiodination but with a ~4.5 fold higher Km(rT3), whereas a similar substitution at position 163 in D2 does not affect Km(T4) ( Table 1) . Thus, the acidic amino acids in this region of the deiodinase pocket are important for enzyme function and/or substrate binding although the length of the side chain can vary. This is further supported by previous mutational studies of the invariant His, position 158 in D1 (35) . Its mutation to Asn, Gln or Phe resulted in complete loss of deiodinase activity. Replacement of the corresponding His165 in D2 with Asn also results in loss of deiodinase activity (Table 1) . According to the model, residues in this acidic pocket could interact with either NH 3 + /COOH -group in Ala side-chain of the iodothyronines, an hypothesis supported by previous studies indicating that the positively charged T4 analog (3,5,3',5'-tetraiodothyroethylamine), which lacks a COOH -, is not a D1 substrate (36) . In addition, the highest affinities for D1 (lowest apparent Km values) are those compounds in which positively charged functional groups (NH 3 + ) are absent, such as tetraiodothyroacetic acid. This is further supported by the finding that the Km(T4) values for D-and L-T4 are not different (36) . These data argue that the COO -group in the iodothyronines interacts with the NH 3 + group of His in the 158 (D1) position and that the other acidic residues in this pocket act to reduce the ionization of the His residue. The critical role played by the IDUA-like insertion is further strengthened by the complete loss of deiodinase activity when the conserved Trp163 (D1) and the corresponding Trp170 in D2 are replaced with Ala (Table 1) .
Furthermore, amino acid substitutions in positions further away from the acidic pocket, such as the invariant His174Gln (D1) ( Table 1) , results in an active D1 protein but with ~20-fold increased Km(rT3) (35) . A similar Gln substitution for His185 in D2 does not alter its Km(T4) ( Table 1 ). Other residues in the TRX fold-IDUA defined deiodinase active center are less critical for substrate binding. Results of these mutations are described in Table 1 and include, relative to D1, those in the β1 motif (Phe121; Cys124) or in positions more C-terminal to the IDUA-like insertion such as in the β3 motif (Glu214).
Despite the above evidence identifying and characterizing the substrate binding pocket of the deiodinases as the structure formed by the β1-α1-β2 motifs of the TRX-fold and the IDUA-like insertion, the lack of a structural model for the N-linker domain of the three deiodinase proteins (Fig. 1) does not allow an explanation for the previously demonstrated important role of the aromatic ring of Phe65 in enhancing the binding of rT3 but not T4 (37) . This could indicate that distant residues may also contribute importantly to substrate binding.
SIGNIFICANCE OF THE DEIODINASE/GLYCOSIDE HYDROLASE STRUCTURAL SIMILARITY
The previously unrecognized similar topology between β1−α1−β2−α2−βΕ of the GPX-like TRX fold and β6−α6−β7−α7−β8 of the clan GH-A of glycoside hydrolases (Fig. 3 ) may only concern a pure structural relationship around a common β−α motif, with β-strands being part of a parallel β-sheet (open for the TRX fold and circularly closed for the clan GH-A TIM barrel). This puzzling observation may suggest that such enzyme structures, made of β-sheets of parallel β−strands, could have evolved from the use of a primitive super-secondary structure, consisting in the succession of a α-helix and a β−strand, the C-terminal end of which bears functional active residues. The evolution of (α/β) 8 barrels by duplication and fusion of an ancestral half barrel (discussed in (38)) supports such a hypothesis.
However, in this case, the striking sequence similarity of the deiodinase active site region with members of the clan GH-A, in particular within the IDUA-like IOD active site insertion, predicted to form a cap as It is perhaps not unexpected that the three selenodeiodinases are TRX fold family proteins in light of the fact that GPX, and other Sec-containing thiol-interacting oxidoreductases are part of this group (18) .
However, it is remarkable that selenodeiodinases have a IDUA-like sequence embedded within the Sec-containing TRX fold, which is critical for iodothyronine binding as it is that of iduronic acid sulfate in the GH-A family of proteins. Our results show that amino acid variations in the otherwise generally well conserved TRX-IDUA active center can explain important differences between D1 and D2. While further refinements of this model are required, we believe that it provides an important first step in the structural analysis of the rate limiting enzymes controlling thyroid hormone activation. 
